TiO 2 -graphene nanocomposite was prepared by hydrolysis of titanium isopropoxide in colloidal suspension of graphene oxide and in situ hydrothermal treatment. It provides an efficient and facile approach to yield nanocomposite with TiO 2 nanoparticles uniformly embedded on graphene substrate. The electrochemical behavior of adenine and guanine at the TiO 2 -graphene nanocomposite modified glassy carbon electrode was investigated. The results show that the incorporation of TiO 2 nanoparticles with graphene significantly improved the electrocatalytic activity and voltammetric response towards these species comparing with that at the graphene film. The TiO 2 -graphene based electrochemical sensor exhibits wide linear range of 0.5-200 M with detection limit of 0.10 and 0.15 M for adenine and guanine detection, respectively. The excellent performance of this electrochemical sensor can be attributed to the high adsorptivity and conductivity of TiO 2 -graphene nanocomposite, which provides an efficient microenvironment for electrochemical reaction of these purine bases.
Introduction
Graphene-based electrochemical sensors and biosensors have recently received increasing attention in the field of electroanalysis [1] [2] [3] [4] , such as direct electrochemistry of enzymes [5] [6] [7] [8] [9] and small biomolecules detection [10] [11] [12] [13] . Owing to its extraordinary electronic transport properties and high electrocatalytic activities, graphene greatly promotes the electrochemical reactivity of biomolecules on the modified electrode surface [1, 2] . Furthermore, the unique two-dimensional crystal structure of graphene makes it extremely attractive as a support material for metal and metaloxide catalyst nanoparticles [14] . These graphene-based hybrid materials have shown greater versatility as enhanced electrode materials for electrochemical sensors and biosensors applications [15, 16] .
Due to its good biocompatibility, high conductivity and low cost, TiO 2 in various forms such as nanoparticles, nanoneedles and nanotubes, has become an attractive electrode material for electrochemical sensors and biosensors applications [17] [18] [19] [20] [21] [22] [23] [24] . Recently, Liu et al. fabricated the electrochemical sensor by casting TiO 2 nanotubes film onto glassy carbon electrode (GCE) surface. The TiO 2 nanotubes film showed to be capable of improving the mass transport and electron transfer between dopamine and the electrode surface [23] . Bao et al. demonstrated that glucose oxidase (GOD) can be immobilized on porous TiO 2 to fabricate glucose biosensor. This biosensor exhibited good direct electrochemistry without any electron mediator, as well as good sensitivity and fast response time towards glucose detection [24] . On the other hand, the photophysical and electrochemical properties of TiO 2 have shown to be greatly improved in TiO 2 -graphene hybrid materials [14, [25] [26] [27] [28] . Li and coworkers observed significant enhancement in the reaction rate using TiO 2 -graphene as photocatalyst for photodegradation of methylene blue [25] . Liu and coworkers reported that TiO 2 -graphene nanocomposite can remarkably improve the Li-ion insertion/extraction property and specific capacity of Li-ion battery [26] . In these studies, such excellent performance can be reasonably attributed to the good adsorptivity and conductivity of the TiO 2 -graphene nanocomposite. Most recently, we reported the TiO 2 -graphene nanocomposite prepared by hydrothermal method using graphene as templates to immobilize TiO 2 nanoparticles [29] . The as-prepared TiO 2 -graphene nanocomposite exhibited remarkable electrochemical sensing performance towards dopamine detection with wide linear range, high selectivity and low detection limit, which opened a new platform for electrochemical sensors and biosensors design.
Adenine (A) and guanine (G) are components of DNA, and most of the current electroanalytical protocols for DNA detection are based on these two electroactive species [30] . However, adenine and guanine exhibit slow direct electron transfer and irreversible absorption on the electrode surface, which lead to low sensitivity for DNA detection. Over the past years, considerable efforts have been paid on the development of chemical modified electrodes to improve the electrochemical sensing performance for guanine and adenine [31] [32] [33] [34] [35] [36] [37] [38] [39] . Most recently, Dong and coworkers revealed that the free base of DNA have enhanced electrochemical reactivity at the graphene modified glassy carbon electrode [10] . Also, Pumera and coworker demonstrated that the stacked graphene nanofibers (SGNFs) have superior electrocatalytic activity for DNA oxidation over carbon nanotubes (CNTs) [40] . These results indicate that the graphene-based electrode materials are promising for electrochemical sensing of DNA.
Herein, we report the TiO 2 -graphene nanocomposite prepared via hydrolysis of titanium isopropoxide in colloidal suspension of graphene oxide and in situ hydrothermal treatment. The as-prepared TiO 2 -graphene nanocomposite exhibits remarkable electrocatalytic activity towards adenine and guanine oxidation. These two species can be simultaneously detected on the TiO 2 -graphene modified GCE with high sensitivity in a wide linear range. This work offered a facile and efficient method to prepare TiO 2 -graphene nanocomposite for electrochemical sensors application.
Experimental

Reagents and apparatus
Graphite powder (320 mesh, spectrographic pure) was purchased from Sinopharm Chemical Reagent Co., Ltd. Titanium isopropoxide (Ti(O i Pr) 4 , 98%) was obtained from Aladdin Chemistry Co., Ltd. Adenine and guanine were purchased from Alfa Aesar. Herring sperm DNA (dsDNA) was obtained from Sigma Aldrich. All other chemicals were of analytical reagent grade and used as received. Water used throughout all experiments was purified with the Millipore system.
FT-IR spectra (KBr pellets) were recorded using a Bruker TEN-SOR27 instrument. Powder X-ray diffraction (XRD) data were collected on a Rigaku MiniFlex II X-ray diffractometer. Scanning electron microscopy (SEM) images were obtained on a Hitachi S-4800 scanning electron microscope. All electrochemical experiments were performed with a CHI 660C electrochemical workstation (CH Instruments, Shanghai, China). A conventional three-electrode system was used for all electrochemical experiments, which consisted of a platinum wire as counter electrode, an Ag/AgCl/3 M KCl as reference electrode, and a bare or modified glassy carbon electrode (3 mm diameter) as working electrode.
Preparation of TiO 2 -graphene nanocomposite
Graphene oxide was prepared from graphite powder by the modified Hummers method [41, 42] . In a typical preparation of TiO 2 -graphene, 20 mg of graphene oxide was dispersed in a mixed solution of H 2 O (10 mL) and ethanol (5 mL) under ultrasonication for 1 h to get a homogenous suspension of exfoliated graphene oxide. Then, 0.2 mL of Ti(O i Pr) 4 was added to the graphene oxide suspension and ultrasonicated for another 1 h. The resultant mixture was transferred to a 25 mL Teflon-sealed autoclave and kept in oven at 130 • C for 12 h. The final product was isolated by filtration, rinsed thoroughly with deionized water and ethanol, and dried in vacuum. The TiO 2 -graphene nanocomposite was obtained in the form of black powder.
Preparation of modified electrode
The as-prepared TiO 2 -graphene nanocomposite (2 mg) was dispersed in DMF (2 mL) with ultrasonic treatment for 1 h to get a homogenous dispersion (1 mg/mL). Then, 6 L of the suspension was dropped onto the surface of freshly polished glassy carbon electrode and dried at room temperature to get the TiO 2 -graphene modified GCE (TiO 2 -graphene/GCE). For comparison, 6 L of the homogenous suspension of graphene in DMF (1 mg/mL) was also coated on bare GCE to obtain the graphene modified GCE (graphene/GCE).
Preparation of DNA samples
Thermally denatured dsDNA was prepared according to the literature method [36] . Briefly, the native herring sperm dsDNA solution was heated in a boiling water bath at 100 • C for about 10 min, and then it was rapidly cooled in an ice bath. This kind of thermally denatured dsDNA can be used as single-stranded DNA (ssDNA).
Voltammetric procedure
The electrochemical measurements were performed in 0.1 M HAc-NaAc (pH 4.5) buffer solution with different concentrations of adenine and guanine. The solution pH was optimized in the range of 4.06-6.05 ( Fig. S1 ) with the maximum voltammetric response occurred at pH 4.45. The accumulation potential was then optimized from −0.6 to 0.4 V with the maximum voltammetric response obtained at −0.4 V (Fig. S2) . Thus, the accumulation of adenine and guanine at the working electrode was done in a stirred solution at −0.4 V. The effect of accumulation time was also investigated. The peak currents of adenine and guanine increased with the accumulation time within 100 s, and remained almost constant after 100 s, indicating the surface adsorption saturation. For practical purposes, a 100 s accumulation period was sufficient for the determination.
Results and discussion
Preparation and characterization of TiO 2 -graphene nanocomposite
In this work, graphene oxide was firstly exfoliated in a mixed solution of water and ethanol under ultrasonication to produce colloidal suspension of graphene oxide. Intercalation and graft of titanium isopropoxide was then carried out in the graphene oxide suspension by ultrasonic treatment. Afterwards, TiO 2 -graphene nanocomposite was obtained through hydrothermal treatment to reduce graphene oxide with in situ crystallization and immobilization of TiO 2 nanoparticles on graphene substrates. FT-IR spectra of the as-prepared TiO 2 -graphene nanocomposite exhibit an intense low frequency absorption band around 610 cm −1 (Fig. S3) , which clearly represents the vibration of Ti-O bonds in TiO 2 [25] . The absorption band appearing at 1590 cm −1 shows the skeletal vibration of graphene sheets [43] , indicating the reduction of graphene oxide to graphene during the hydrothermal process. The XRD patterns of the as-prepared TiO 2 -graphene are given in Fig. 1 . The peaks in this diffraction patterns correspond to the anatase phase of TiO 2 (JCPDS file no. 21-1272), suggesting the complete formation of anatase TiO 2 during the hydrothermal process. However, the diffraction peaks of graphene are not distinguishable in XRD patterns of TiO 2 -graphene. This phenomena has also been observed in other relevant works, and it can be ascribed to the much lower crystalline extent of graphene than that of TiO 2 , which results in the shielding of the graphene peaks by those of TiO 2 [25] . Fig. 2 shows the SEM image of the as-prepared TiO 2 -graphene nanocomposite. The integration between TiO 2 and graphene can be visualized from the SEM image, in which TiO 2 nanoparticles at the size of ca. 20-30 nm are uniformly and compactly embedded on the graphene substrate. It has been demonstrated that graphene oxide is heavily oxygenated, bearing hydroxyl and epoxide groups on its basal planes and carboxyl groups at the sheet edges [44] . These oxygen containing groups can effectively interact with the hard Ti 4+ Lewis acid, which promotes the intercalation of Ti species into graphene oxide layers [27, 28] . Afterwards, under the hydrothermal process, graphene oxide can be reduced to graphene with in situ immobilization of TiO 2 nanoparticles on the resultant graphene sheets. . It can be seen that G and A exhibit well-defined oxidation peak at 0.97 V and 1.26 V, respectively. No reduction peaks can be observed on the cathodic scan, which indicates the electrochemical oxidation of G and A on the TiO 2 -graphene composite film is an irreversible process. The differential pulse voltammograms (DPVs) of the binary mixture of G and A on the bare GCE, graphene/GCE and TiO 2 -graphene/GCE are given in Fig. 3 . The DPV peak potential of G at the bare GCE and graphene/GCE is located at 0.99 and 0.92 V, respectively. In the case of TiO 2 -graphene/GCE, the peak potential is negatively shifted to 0.88 V, and the peak current significantly increases to 2.4 A. For adenine, the oxidation peak potential on TiO 2 -graphene/GCE is also negatively shifted to 1.19 V, and the peak current increases up to 3.18 A. Thus, the enhancement on the peak current and lowering of oxidation overpotential are clear evidence of the electrocatalytic activity of TiO 2 -graphene towards the oxidation of guanine and adenine. Cyclic voltammograms of guanine and adenine at various scan rates on the TiO 2 -graphene/GCE was also investigated. As shown in Fig. 4 , at scan rates in the range of 50-600 mV s −1 , the oxidation peak currents increase linearly with scan rates, suggesting that respectively. Furthermore, the electron transfer rate constant (k s ) at the TiO 2 -graphene composite film can be estimated using the Laviron's model [45] . As shown in ) + (1 −˛) log˛− log(RT/nFv) − ␣(1 − ␣) − log (nF E p /2.3RT), the k s is calculated to be 2.51 and 2.13 s −1 for G and A, respectively. This k s is comparable with that on Mo(VI) complex-TiO 2 nanoparticle modified carbon paste electrode (3.83 s −1 ) [33] , and it is much higher than that previously reported on carbon ionic liquid electrode (7.42 × 10 −4 s −1 for A and 2.39 × 10 −3 s −1 for G) [36] . These results demonstrate that the TiO 2 -graphene nanocomposite significantly facilitates the electron transfer kinetics and promotes the electrochemical oxidation of these small biomolecules.
Electrochemical behavior of adenine and guanine
The electrochemical oxidation of guanine and adenine involves a two-proton and two-electron process in the rate determining step [38] . In this study, it is observed that the oxidation peak potential of G and A shift negatively with the increment of solution pH in the range of 4.00-6.05, and the pH dependence of E p can be expressed by the linear regression equations as: E p /V = 1.148 − 0.05613pH (R = 0.9905) and E p /V = 1.518 − 0.06611pH (R = 0.9956) for G and A, respectively (Fig. S6) . The calculated slope of 0.05613 V/pH (A) and 0.06611 V/pH (G) are close to the theoretical value of 0.0586 V/pH according to the Nernst equation [46] , suggesting that the direct electrooxidation of G and A on the TiO 2 -graphene/GCE is a twoproton and two-electron process.
Determination of adenine and guanine
The electrochemical sensing performance of the TiO 2 -graphene/GCE towards guanine and adenine detection was investigated by DPV in the optimized conditions. Selective determination of G and A was carried out in their binary mixture with one species maintaining at a constant concentration. (Fig. 6 ). It has also been observed in earlier reports that the calibration curve of A and G detection usually divided into two linear regions [34, 37] . The first linear region in the calibration curve can be ascribed to an absorption process of A or G on the modified electrode surface, and the second linear region may be attributed a diffusion process on the monolayer-covered surface [37] .
Since adenine and guanine are the coexisting purine bases in DNA, simultaneous determination of these two species is an important performance for DNA detection from the practical application point of view. Simultaneous determination of various concentrations of G and A was carried out on the TiO 2 -graphene/GCE under the optimized conditions. As shown in Fig. 7, These results indicate that, on the TiO 2 -graphene composite film, the competitive adsorption equilibrium can be attained at the suitable concentrations of guanine and adenine. Therefore, the guanine and adenine could be determined simultaneously from a mixture in large concentration domains by the proposed method. The linear detection range for both A and G is 0.5-200 M, which is much wider than the previously reported electrochemical sensors [34] [35] [36] [37] [38] [39] . The detection limit (S/N = 3) for A and G was calculated to be 0.10 M and 0.15 M, respectively. This excellent electrochemical sensing performance can be ascribed to the good adsorptivity, antifouling property and high electron transfer kinetics of the TiO 2 -graphene nanocomposite, which provide an efficient microenvironment for electrochemical reaction of these purine bases.
Stability and reproducibility of the modified electrode
The long-term stability of the TiO 2 -graphene/GCE electrochemical sensor was investigated by examining its current response during storage in a refrigerator at 4 • C. The electrochemical sensor exhibited no obvious decrease in current response in the first week and maintained about 92% of its initial value after two weeks. The relative standard deviation (RSD) of the TiO 2 -graphene/GCE in response to 1.0 M adenine and 1.0 M guanine for ten measurements was 4.6% and 4.1%, respectively, indicating the good reproducibility. The possible interference for voltammetric determination of guanine and adenine at the TiO 2 -graphene/GCE was investigated. No substantial change in voltammetric response of both the analyte (20 M) was observed in the presence of 10-fold concentration of ascorbic acid, uric acid and dopamine.
Analytical applications
The TiO 2 -graphene/GCE electrochemical sensor was applied to detect the adenine and guanine content of thermally denatured DNA. In a typical procedure, 20 L of the thermally denatured DNA was added to a cell containing 5 mL buffer solution, and then the peak currents of adenine and guanine residues were measured. Afterwards, 20 M adenine and 20 M guanine was added to the above solution and the peak currents were recorded again. Using the calibration curves obtained previously in simultaneous determination of adenine and guanine, the concentrations of A and G in DNA can be calculated from peak currents. The contents of A and G in the thermally denatured DNA were calculated to be 22.0 mol% and 27.4 mol%, respectively. The value of (G + C)/(A + T) was obtained as 0.80, which was close to the standard value of 0.77 [47] .
Conclusions
In conclusion, we have demonstrated a facile and effective method for the preparation of TiO 2 -graphene nanocomposite. This synthetic approach consists of intercalation and graft of titanium isopropoxide on graphene oxide sheets, and the hydrothermal treatment to immobilize TiO 2 nanoparticles on the graphene substrate. The as-prepared TiO 2 -graphene nanocomposite modified glassy carbon electrode exhibits remarkable electrocatalytic activity towards adenine and guanine oxidation. The good adsorptivity and conductivity of TiO 2 greatly improved the electrochemical sensing performance. Using the fabricated TiO 2 -graphene/GCE electrochemical sensor, adenine and guanine can be detected simultaneously with low detection limit and wide linear range. This work indicates that the TiO 2 -graphene nanocomposite has great potential for applications in constructing cost-effective and high performance electrochemical sensors.
